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FRPSOLDQFH ZLWK LPSDFW DQG IDWLJXH WHVWLQJ VWDQGDUGV D QHZ DQG DGDSWHG VDPSOH ZDV










WR PHWDOOLF PDWHULDOV FDQ VXVWDLQ LPSDFW ZLWKRXW DQ\ YLVLEOH WUDFH RQ WKH VXUIDFH




























GHWHUPLQH WKH GDPDJH W\SH 7KH ;UD\V HGG\ FXUUHQW DFRXVWLF HPLVVLRQ RU LQIUDUHG
WKHUPRJUDSK\>@HQDEOHWKHGDPDJHLQLWLDWLRQDQGSURSDJDWLRQ
GXULQJIDWLJXHWHVWVWREHGHWHFWHG
,Q WKLV VWXG\ LQIUDUHG WKHUPRJUDSK\ LV XVHG $FFRUGLQJ WR WKHUPRPHFKDQLFV DQ\
GHIRUPDWLRQRIDVROLGPDWHULDOGXHWRGDPDJHLQLWLDWLRQRUSURSDJDWLRQLVWUDQVIRUPHGLQWR
KHDW IORZ >@ ,QIUDUHG WKHUPRJUDSK\ LV D QRQFRQWDFW QRQGHVWUXFWLYH WHFKQLTXH WKDW LV
TXLFNDQGVLPSOHWRLPSOHPHQW,WLVXVHGPRUHDQGPRUHIRUIDWLJXHWUDFNLQJ>
    @ PDWHULDO GDPDJH DQG WKH GHWHUPLQDWLRQ RI IDWLJXH GDWD IDWLJXH OLPLW
GDPDJHG]RQH>@
7REHJLQZLWKLQWKLVSDSHUWKHPHWKRGRORJLHVRIQRQGHVWUXFWLYHWHVWLQJXVHGDIWHULPSDFWV





,1RQGHVWUXFWLYH WHVWLQJ RI D GDPDJHG DUHD UHVLGXDO SHQHWUDWLRQ DQG
LQIUDUHGWKHUPRJUDSK\

7KH DLP RI WKLV VWXG\ LV WR NHHS WR %9,' LPSDFW LQ RUGHU WR HQVXUH WKH LQWHJULW\ RI WKH
GDPDJHGFRPSRVLWH7KHPHDVXUHPHQWRIWKHUHVLGXDOSHQHWUDWLRQDQGWKHVL]HRIWKHGDPDJHG
DUHDFDQYHULI\WKH%9,'7ZRQRQGHVWUXFWLYHPHWKRGVDUHDOVRGHYHORSHG7KHILUVWEDVHG
RQ ' GLJLWDOLVDWLRQ KLJKOLJKWV WKH UHVLGXDO SHQHWUDWLRQ WKH VHFRQG EDVHG RQ LQIUDUHG
WKHUPRJUDSK\JLYHVVRPHLQGLFDWLRQFRQFHUQLQJWKHVL]HRIWKHGDPDJHGDUHD
Measurements of the residual penetration by 3D digitalisation
6XUIDFH URXJKQHVVGXH WR WKHSXOOLQJXSRIZRYHQ IDEULFGLVWXUEV WKHPHDVXUHPHQWVFDUULHG
RXW E\ WUDGLWLRQDO PHDQV FRPSDUDWRU DGMXVWDEOH OHJ 2SWLFDO PHDVXUHPHQW LV WKHUHIRUH
VHOHFWHG 7KH GDPDJHG DUHD LV UHFRQVWUXFWHG DQG WKH UHVLGXDO SHQHWUDWLRQ LVPHDVXUHG 7KH
DFTXLVLWLRQ RI ' FRRUGLQDWHV LV FDUULHG RXW XVLQJ WKH *20 7ULWRS V\VWHP E\ '
SKRWRJUDPPHWU\DQGVXUIDFHGLJLWDOLVDWLRQE\IULQJHSURMHFWLRQLVFDUULHGRXWXVLQJWKH*20
$WRV V\VWHP 7KH 7ULWRS V\VWHP LV HTXLSSHG ZLWK D  0HJDSL[HO FDPHUD FRXSOHG WR D

















7KH$WRV V\VWHP 7DEOH  LV HTXLSSHGZLWK WKH '$UDPLV KHDG )LJXUH  FRXSOHG WR D
SRO\JRQPHVK DOJRULWKP DQG SRVWSURFHVVLQJ FDOOHG$WRV 7KH ' FRRUGLQDWHV RI WKH EDVH
SODWH DUHREWDLQHGZLWK WKH7ULWRSRXWSXW ILOH 7KH VSHFLPHQ LV KHOGE\ WKHEDVHSODWH ,W LV
VZHSW E\ D JDXJHG IULQJH QHWZRUN ZKLFK LV GHIRUPHG E\ DUHD JHRPHWU\ $ &&' FDPHUD


















Measurement of the damaged area by active infrared thermography 
7KHWKHUPDOZDYHVDUHWUDQVPLWWHGWRWKHVSHFLPHQE\PHDQVRIDKDORJHQODPSDWDGLVWDQFH
RI PP )LJXUHV 7KH WHPSHUDWXUH ILHOG LQVLGH WKH VSHFLPHQ LV PHDVXUHG RQ WKH
VXUIDFH E\ WKH LQIUDUHG FDPHUD )/,5 0:,5 UHWURILWWHG 7LWDQLXP ,W KDV D IRFDO SODQ RI
[SL[HOVDQGDWKHUPDOUHVROXWLRQRIP.7KHKDORJHQODPSWUDQVPLWVWKHKHDWIORZ




















































7RXEDO >@ XVHG D WUDGLWLRQDO PHWKRG WR IROORZ WKH GDPDJH HYROXWLRQ RI D FDUERQHSR[\




1'7 LPDJHV DQG WKH LQIUDUHG LPDJHV LQ UHDO WLPH >@ ,QLWLDOO\ DQ 1'7 LQVSHFWLRQ E\
LQIUDUHG WKHUPRJUDSK\ LV FDUULHG RXW RQ WKH GDPDJHG VSHFLPHQ$Q LQIUDUHG FDUWRJUDSK\ LV
WKXVREWDLQHGDQGGDPDJHGDUHDVDUHGHWHUPLQHG)ROORZLQJWKLVWKHIDWLJXHWUDFNLQJJLYHVDQ
LQIUDUHG FDUWRJUDSK\ RI WKH WHPSHUDWXUH ILHOG IRU DOO WKH F\FOHV 7KH PHWKRG FRQVLVWV RI
VXEWUDFWLQJ WKH1'7 LPDJH WR WKH LPDJH REWDLQHG GXULQJ WKH IDWLJXH WHVW IRU D JLYHQ F\FOH


















DQGLWVHIIHFWVRQWKHWHPSHUDWXUHRIJODVV WUDQVLWLRQ7J7KLV WHPSHUDWXUHRIJODVV WUDQVLWLRQ






















ODERUDWRU\GHDOWZLWKDFXUHF\FOH UHFRPPHQGHGE\ WKHUHVLQPDQXIDFWXUHUDQGRSWLPL]HG LW
>@
7KHVH WZRGLIIHUHQW FXUH F\FOHV DUHXVHG IRU WKH UHDOL]DWLRQRI WKH FRPSRVLWHSODWHVZLWK D
WKLUGRQHIRUZKLFKWKHWLPHRIPDLQWHQDQFHDWWKHUHWLFXODWLRQVWDJHWHPSHUDWXUHZDVUHGXFHG
7KXVWKHUHVLQVKRXOGEHXQGHUSRO\PHUL]HG:LWKWKLVFKRLFHWKHEHQGLQJULJLGLW\RIWKHWKLUG
















LV DVVXPHG WKDW WKH SRURVLW\ GLVWULEXWLRQ LV KRPRJHQHRXV RYHU WKH ZKROH SODWH ZLWKRXW
SDUWLFXODU DFFXPXODWLRQ LQ DQ XQVSHFLILHG ]RQH 7KH SRURVLW\ UDWHV REWDLQHG IRU WKH WKUHH
F\FOHVRISRO\PHUL]DWLRQDUHVKRZQLQWKHIROORZLQJWDEOH7DEOH
 &\FOH &\FOH &\FOH
'HQVLW\   
3RURVLW\UDWH   
)LEUHUDWH   
7DEOH0DWHULDOFKDUDFWHULVWLFVDFFRUGLQJWRF\FOHVRISRO\PHUL]DWLRQ

7KH DQDO\VLV RI WKH UHVXOWV VKRZV D TXDVLLGHQWLFDO GHQVLW\ IRU DOO WKUHH F\FOH 7KH
GHWHUPLQDWLRQ RI WKH ILEUH UDWH IROORZV WKH VDPH SDWWHUQ ZLWK D  YDULDWLRQ IRU WKH WKUHH












7KH'6&DQDO\VLV JLYHV D ILUVW FDORULPHWULF YDOXH RI WKH WHPSHUDWXUH RI JODVV WUDQVLWLRQ7J
ZKHUHDVWKHUKHRORJLFDODQDO\VLVJLYHVLWDJDLQZLWKDPHFKDQLFDORQH7Į
,Q WKH IROORZLQJ WDEOH 7DEOH WKH UHVXOWV REWDLQHGZLWK ERWK DQDO\VLV DUH FRPSDUHGZLWK
WKHVHH[SHFWHGIRUWKHUHVLQ>@
  &\FOH &\FOH &\FOH
7JH[SHFWHG&   
7J'6&&   
7J5KHRPHWHU&   




WHPSHUDWXUH RI JODVV WUDQVLWLRQ 7KH WKUHH FRPSRVLWH SODWHV UHDOL]HG KDYH GLIIHUHQW
PDFURPROHFXODUNLQHPDWLFVDWGLIIHUHQWWHPSHUDWXUHVEXWDOVRDGLIIHUHQWGXFWLOLW\7KHKLJKHU





7KH LPSDFW VDPSOH VKRXOG QRW EH VHQVLWLYH WR HGJH HIIHFWV GXULQJ WKH WHVW 7KXV VWDQGDUG
$670'  VWDQGDUGL]HV LWV GLPHQVLRQV 0RUHRYHU LQ RUGHU WR FRQWUROOLQJ WKH GDPDJH
SURSDJDWLRQ WKH VWDQGDUG UHFRPPHQGV WKH XVH RI PLQLPXP PP WKLFNQHVV VDPSOH 7KH
VWDFNLQJVHTXHQFHXVHGWRREWDLQHGWKLV WKLFNQHVV LV>>@@V7KHUHDO WKLFNQHVV LV WKHQ
PP7KHVL]HRIWKHVDPSOHLV[[PP
7KHFRPSRVLWHSODWHVDUHDOZD\VUHDOL]HGXVLQJWKHWKUHHFXUHF\FOHVSUHVHQWHGDERYH
2. Testing device  
7KHWHVWLQJGHYLFHLVDQLPSDFWWHVWLQJLQVWUXPHQWIURP0770DWHULDO7HVWLQJ7HFKQRORJ\
,WVPD[LPXPFDSDFLW\LV-DQGLWLVHTXLSSHGZLWKDKHPLVSKHULFKHDGRIGLDPHWHUPP
)LJXUH 7KH IDOOLQJ PDVV LV NJ DQG WKH PD[LPXP KHLJKW RI IDOO LV P 7KH XVH RI






3. Damage checking 
7R EH VXUH WKDW WKH LPSDFW FRQGLWLRQV DUH UHDOO\ %9,' WKH PHWKRGV RI FRQWURO SUHVHQWHG




 &\FOH &\FOH &\FOH
5HVLGXDOLQGHQWDWLRQPP   
'DPDJHGDUHDPP   
7DEOH,PSDFWWHVWVUHVXOWV
$FFRUGLQJWRWKHGHSWKRIWKHUHVLGXDOLQGHQWDWLRQDOOWKHUHVXOWVDUHFORVHWRPP7KLVLV
WKH OLPLW RI GHWHFWDELOLW\ VR WKH LPSDFW LV UHDOO\ LQ WKH %9,' GRPDLQ $OO WKH WHVWV DUH
UHSHWLWLYH>@ZKLFKHQDEOHVWKHDYHUDJHRIWKHREWDLQHGYDOXHVWREHSUHVHQWHG
$VUHJDUGV WKHVL]HRI WKHGDPDJHGDUHD LWGHFUHDVHV IURPF\FOH WRF\FOH7KHVHUHVXOWV
IROORZ WKH VDPH SDWWHUQ DV WKH WHPSHUDWXUH RI JODVV WUDQVLWLRQ ,QGHHG WKH KLJKHU WKH

















1. Test device and sample 

,QRUGHUWRVLPXOWDQHRXVO\UHVSHFW WKHLPSDFW WHVWLQJVWDQGDUGV $670'DQGIDWLJXH
WHVWLQJ VWDQGDUGV 1)(1 ,62 D QHZ VDPSOH KDV EHHQ GHYHORSHG ,W DVVRFLDWHV WKH








2. Fatigue cycle 

,QRUGHUWRUHVSHFWWKHFRQGLWLRQVRIXVHRIWKHFRPSRVLWHSDUWVDQGZLWKDQDLPRIJHQHUDWLQJ














7KH ,QIUDUHG FDPHUD HQDEOHV WKH WHPSHUDWXUH ILHOG RQ WKH VXUIDFH RI WKH VDPSOH WR EH
YLVXDOLVHG,QDFFRUGDQFHZLWKWKHSURFHGXUHGHYHORSHGWRWUDFNWKHWHVWSHULRGLFDOILOPVDUH





7KHGLIIHUHQW ,5FDUWRJUDSKLHVVKRZWKHHYROXWLRQRI WKHGDPDJHGDUHD ,W LV WKHSRVVLEOHWR
FRUUHODWHWKLVHYROXWLRQZLWKWKHORVVRIVWLIIQHVVRIWKHVDPSOH7KHWHVWLQJSURFHGXUHRIUHDO
WLPH PHDVXUHPHQW RI WKH GDPDJH DUHD HYROXWLRQ E\ SDVVLYH LQIUDUHG WKHUPRJUDSK\ ZDV
SHUIRUPHGRQLPSDFWHGVDPSOHVREWDLQHGE\WKHFXUHF\FOH7REHJLQZLWKWKHHYROXWLRQ





































7KH IDWLJXHRIGDPDJHGFRPSRVLWH VWUXFWXUHVPDQXIDFWXUHGE\/5,ZDV LQYHVWLJDWHG LQ WKLV
VWXG\7KHIROORZLQJFRQFOXVLRQVFDQEHGUDZQIURPWKHH[SHULPHQWDOUHVXOWVREWDLQHG






VWLIIQHVV RI WKH GDPDJHG FRPSRVLWH IROORZV WKH -DPLVRQ PRGHO LQ WKUHH SKDVHV
>@
 IRU GDPDJHG VWUXFWXUHV WKH GDPDJH HYROYHV IURP WKH VSHFLPHQ FHQWUH %9,'
LPSDFWDUHD
,W ZRXOG EH LQWHUHVWLQJ WR SRVWWUHDW WKHUPRJUDSKLF ILOPV ZLWK ILOWHUV LQ RUGHU WR UHGXFH
H[SHULPHQWDOQRLVHRUWRFDOFXODWHKHDWVRXUFHVLQRUGHUWRSUHVHUYHRQO\WKHGLVVLSDWHGHQHUJ\
$QRWKHUSURVSHFWZRXOGEHWROLQNWKHIDWLJXHWHVWLQJPDFKLQHLQIUDUHGFDPHUDDQGDKDORJHQ







>@ 02: 5LFKDUGVRQ DQG 0- :LVKHDUW 5HYLHZ RI ORZYHORFLW\ LPSDFW
SURSHUWLHV RI FRPSRVLWH PDWHULDOV &RPSRVLWHV 3DUW $ $SSOLHG 6FLHQFH DQG
0DQXIDFWXULQJ
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0DWHULDOV
>@ :&XLDQG:5:LVQRP$FRPELQHGVWUHVVEDVHGDQGIUDFWXUHPHFKDQLFV
EDVHG PRGHO IRU SUHGLFWLQJ GHODPLQDWLRQ LQ FRPSRVLWHV &RPSRVLWHV

>@ * 'RU\ ,PSDFW GDPDJH LQ FRPSRVLWHV ± GHYHORSPHQW FRQVHTXHQFHV DQG
SUHYHQWLRQ,QWKLQWHUQDWLRQDOFRQIHUHQFHRQFRPSRVLWHPDWHULDOV
>@ 6*XLQDUG2$OOL['*XHGUDGHVJHRUJHV DQG$9LQHW 7HQXH DX[ SHWLWV
FKRFV GHV VWUXFWXUHV HQ VWUDWLILp FRPSRVLWH 7HFKQLFDO UHSRUW $QQDOHV GHV
FRPSRVLWHV³GpODPLQDJHGHVPXOWLFRXFKHVSKpQRPqQHVPRGqOHVHWFULWqUHV´

 >@ 0 .DPLQVNL DQG -) 0DLUH 7ROpUDQFH DX[ GRPPDJHV GHV VWUXFWXUHV
FRPSRVLWHV LPSDFWpHV XQpWDWGHV OLHX[ ,Q7ROpUDQFHDX[GRPPDJHVVXU OHV
VWUXFWXUHVFRPSRVLWHVLPSDFWIDLEOHpQHUJLH
>@ &.+'KDUDQ )DWLJXH IDLOXUHPHFKDQLVPV LQ DQ XQLGLUHFWLRQDOO\ UHLQIRUFHG
FRPSRVLWHPDWHULDO)DWLJXHRIFRPSRVLWHPDWHULDOV$670673

>@ / ;L &RQJ DQG & %DWKLDV )DWLJXH GDPDJH GHYHORSPHQW LQ $O2$O
FRPSRVLWH&RPSRVLWHV±
>@ ;/ *RQJ $ /DNVLPL DQG 0/ %HQ]HJJDJK 1RXYHOOH DSSURFKH GH
O¶pPLVVLRQ DFRXVWLTXH HW VRQ DSSOLFDWLRQ j O¶LGHQWLILFDWLRQ GHV PpFDQLVPHV










>@ ) /DFKDXG'pODPLQDJH GHV PDWpULDX[ FRPSRVLWHV j ILEUHV GH FDUERQH HW j





>@ $ &KU\VRFKRRV /D WKHUPRJUDSKLH LQIUDURXJH XQ RXWLO HQ SXLVVDQFH SRXU
pWXGLHUOHFRPSRUWHPHQWGHVPDWpULDX[0pFDQLTXH	,QGXVWULHV±

>@ & *DUQLHU % /RUUDLQ DQG 0/ 3DVWRU ,PSDFW GDPDJH HYROXWLRQ XQGHU
IDWLJXH ORDGLQJ E\ LQIUDUHG WKHUPRJUDSK\ RQ FRPSRVLWH VWUXFWXUHV ,Q
,QWHUQDWLRQDO&RQIHUHQFHRQ([SHULPHQWDO0HFKDQLFV,&(0
>@ 03 /XRQJ ,QIUDUHG WKHUPRJUDSKLF VFDQQLQJ RI IDWLJXH LQ PHWDOV 1XFOHDU
(QJLQHHULQJDQG'HVLJQ±
>@ 03 /XRQJ )DWLJXH OLPLW HYDOXDWLRQ RI PHWDOV XVLQJ DQ LQIUDUHG
WKHUPRJUDSKLFWHFKQLTXH0HFKDQLFVRI0DWHULDOV±
>@ * /D 5RVD DQG $ 5LVLWDQR 7KHUPRJUDSKLF PHWKRGRORJ\ IRU UDSLG









<RNR\DPD ,QVLWX WKHUPRJUDSKLFREVHUYDWLRQRIPHFKDQLFDOGDPDJH LQEXON
PHWDOOLFJODVVHVGXULQJ IDWLJXHDQG WHQVLOHH[SHULPHQWV ,QWHUPHWDOOLFV
±
 >@ 56WHLQEHUJHU7,9DODGDV/HLWDR(/DGVWlWWHU*3LQWHU:%LOOLQJHUDQG
5: /DQJ ,QIUDUHG WKHUPRJUDSKLF WHFKQLTXHV IRU QRQGHVWUXFWLYH GDPDJH
FKDUDFWHUL]DWLRQ RI FDUERQ ILEUH UHLQIRUFHG SRO\PHUV GXULQJ WHQVLOH IDWLJXH
WHVWLQJ,QWHUQDWLRQDO-RXUQDORI)DWLJXH±
>@ 78PPHQKRIHUDQG-0HGJHQEHUJ2QWKHXVHRI LQIUDUHGWKHUPRJUDSK\IRU
WKH DQDO\VLV RI IDWLJXH GDPDJH SURFHVVHV LQ ZHOGHG MRLQWV ,QWHUQDWLRQDO
-RXUQDORI)DWLJXH±
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